Horizontal dispersion in the surface waters of a medium-sized lake was investigated based on four experiments with ensembles of 14 to 17 drifters deployed in Lake Constance during the winter season. The experiments cover length scales between $30 and $3000 m which are typical for the grid length scales employed in 3-D models. Horizontal dispersion coefficients K disp were estimated to range from $0.01 to $0.03 m 2 s 1 at 100 m and from $0.1 to $0.7 m 2 s 1 at 1000 m length scale L of the drifter distributions. In all experiments K disp increased with L and in three of the four experiments this increase was about linear in L. However, although a linear increase of K disp with L is consistent with dispersion by shear diffusion in flow fields with constant current shear, numerical modelling of the paths of the drifters, and the resulting spreading of the drifter ensembles indicates that horizontal shear diffusion is not sufficient to explain the increase of K disp with L. The model results suggest that not shear diffusion due to large-scale shear across the entire drifter distribution, but scale-dependent turbulent diffusion is dominating the scale-dependence of K disp at length scales between 100 and 1000 m. According to the model results, effects due to horizontal shear contribute less than 40% to the overall dispersion coefficient at length scales between 100 and 1000 m. However, horizontal shear is required to explain shape and orientation of the drifter distributions.
Spreading and dilution of dissolved substances in lakes result from the interplay of small-scale molecular and turbulent motions with the large-scale flow field. Mixing due to turbulence is typically described in analogy to molecular diffusion as turbulent diffusion and is characterized by a eddy diffusivity. At sufficiently long time scales, dispersion of dissolved substances resulting from the combined effect of the large-scale flow field and turbulent diffusion can also be approximated as a diffusive type process, which is commonly characterized by a dispersion coefficient (Fischer et al. 1979) .
Although turbulent diffusion and dispersion are central for estimating the spread and dilution of dissolved substances, field measurements of horizontal eddy diffusivities and dispersion coefficients in lakes are scarce. Horizontal dispersion coefficients in lakes and oceans have been derived from the temporal change in the horizontal size of tracer distributions deployed far from the boundaries. Tracer experiments investigating horizontal dispersion in the surface water of lakes were conducted e.g., in Lake Ontario (Murthy 1976) , the very small Twin West Lake (Lawrence et al. 1995) and the very narrow fjord like Kootenay Lake (Stephens et al. 2004) . Horizontal dispersion coefficients determined from tracer experiments in oceanic surface water have been compiled by Okubo (1971) . Horizontal dispersion in the thermocline of several lakes has been investigated by Peeters et al. (1996) . In all these studies the horizontal dispersion coefficients increased with the length scale of the tracer distribution.
An alternative to the assessment of horizontal dispersion from the spreading of dissolved substances are dispersion experiments with ensembles of Lagrangian drifters. In such experiments drifters are typically deployed at a fixed depth and designed to remain at this depth. In this case, the horizontal spreading of the drifter ensemble is not affected by shear dispersion due to vertical current shear but only by the horizontal component of the turbulent motions and of the large-scale flow field. Drifter experiments investigating the horizontal dispersion in the surface water of a lake were conducted in Lake Kinneret during stratified conditions (Stocker and Imberger 2003) . From the spreading of four drifters deployed in the surface water a time series of a horizontal dispersion coefficient was estimated. This dispersion coefficient showed large almost periodic oscillations between positive and negative values most likely resulting from the periodic convergence and divergence in the horizontal component of the large-scale flow field associated with basinscale seiching (Stocker and Imberger 2003) . Because negative *Correspondence: Frank.Peeters@uni konstanz.de dispersion coefficients are not meaningful in the context of mixing Stocker and Imberger (2003) assumed that the average dispersion coefficient is an estimate of the nonreversible contribution to dispersion that results in mixing. The drifter experiments in Lake Kinneret therefore did not allow determination of the length-scale dependence of the dispersion coefficient that has been a prominent characteristic of the spread of tracer distributions and a major focus in studies investigating horizontal dispersion using tracers (e.g., Okubo 1971; Murthy 1976; Lawrence et al. 1995; Peeters et al. 1996) .
Several models have been proposed to explain the lengthscale dependence of the horizontal dispersion coefficient in lakes and oceans far from boundaries. It was suggested that the dependence of the horizontal dispersion coefficient on the length-scale L of tracer distributions results from the spectrum of eddies as function of length scale (e.g., Batchelor 1950; Okubo 1971) . Eddies with size much larger than the tracer distribution are supposed to cause advection and only eddies smaller than the size of the tracer distribution contribute to diffusive type spreading of a tracer cloud (Okubo 1971) . Assuming that turbulence is homogeneous, isotropic, and the sizes of the tracer distributions fall within the inertial subrange of the turbulence spectrum, the horizontal dispersion coefficient is expected to increase with L 4/3 (Batchelor 1950 ). This conclusion is also valid if only the horizontal component of the velocity field is homogeneous and isotropic and the sizes of the tracer distributions fall in the inertial subrange of the turbulence spectrum (Monin and Ozmidov 1985) . Alternatively, the length-scale dependence of the horizontal dispersion coefficient may be explained by shear diffusion, i.e., dispersion due to the combined effect of large-scale velocity shear with turbulent diffusion (Carter and Okubo 1965; Kullenberg 1972; Lawrence et al. 1995; Peeters et al. 1996) . Assuming constant shear across a tracer cloud, the velocity difference between opposite sides of a tracer cloud increases with increasing size of the cloud causing stretching and thinning of the entire cloud. Mixing of the deformed tracer cloud in cross-current direction increases the overall nonreversible spreading of the tracer cloud. At long time scales of dispersion, shear diffusion with constant shear leads to a linear increase of the dispersion coefficient with L (Carter and Okubo 1965; Lawrence et al. 1995; Peeters et al. 1996) . A linear increase of the horizontal dispersion coefficient with length scale is also predicted by a model that describes horizontal dispersion as the product of an exchange velocity and a length scale of diffusion and assuming that the exchange velocity is constant (Joseph and Sendner 1958) .
In the thermocline of lakes, shear diffusion appears to be the dominant process responsible for dispersion (Peeters et al. 1996) . In the surface layer of a small lake, the horizontal dispersion coefficient for length scales up to 50 m increased about linear with length scale which is compatible with a shear-dispersion model with constant shear after long dispersion times (Lawrence et al. 1995) . Lawrence et al. (1995) suggested that vertical velocity shear in combination with vertical turbulent mixing may be responsible for the length-scale dependent horizontal spreading in the surface water of small lakes.
In addition to the principal questions related to the length-scale dependence of dispersion, estimates of dispersion coefficients are important in applications with the 3-D models ELCOM (Estuary, Lake and Coastal Ocean Model: Hodges and Dallimore 2006) and Delft3D-Flow (http://www. deltaressystems.com/hydro, Deltares 2012), which have become widespread tools applied in water quality and lake research. In these 3-D models vertical turbulent mixing is parameterized using turbulence models, whereas horizontal mixing is modelled by prescribing a constant horizontal dispersion coefficient. Recent model studies using ELCOM (e.g., in Lake Harmon and Lake Ontario: Oveisy et al. 2012 ; in Lake Como: Laborde et al. 2010 ; and in Lake Constance: Appt et al. 2004 ) and investigations based on Delft3D-Flow (e.g., in Lake Geneva: Razmi et al. 2014 ; and in Lake Constance: Wahl and Peeters 2014) involve horizontal grid sizes with spatial resolutions ranging from $50 m to several km. Assuming that the models adequately simulate the flow field at scales larger than the grid sizes employed, they require different horizontal dispersion coefficients depending on the grid size. However, data on dispersion coefficients at the length scales typically employed as grid sizes in numerical modelling are scarce. Furthermore, 3-D models already account for the contribution to horizontal dispersion by vertical shear in combination with vertical turbulent diffusion because the vertical flow field and vertical turbulent diffusion are simulated. The models therefore require horizontal dispersion coefficients that estimate the contribution of the horizontal flow field to horizontal mixing without the contribution of vertical shear diffusion.
The intentions of the study here is (a) to provide data on the horizontal dispersion coefficient and its length-scale dependence in the surface water of a medium-sized lake without the contribution by vertical shear diffusion and without convergence and divergence effects due to fundamental mode basin-scale seiching and (b) to estimate the contribution of eddy diffusion and of horizontal shear diffusion to the length-scale dependence of horizontal dispersion. Horizontal dispersion experiments were conducted in the surface water of Lake Constance using ensembles of 14 17 drifters that were deployed at a fix depth in the center of the lake. The experiments cover length scales between 30 m and 3000 m typical for the grid sizes employed in 3-D models and were conducted during essentially unstratified conditions. Based on numerical drifter experiments, the contribution of horizontal shear diffusion to overall spreading of the drifter ensembles is distinguished from the effects of eddy diffusion and the contribution of large-scale horizontal shear N t lOkm Lake Constance February, blue; Experiment 2: 19 February, red; Experiment 3: 24 February, green; Experiment 4: 2 March, black). All experiments were conducted at a large distance from shore. The ellipses indicate position, size, and orientation of the drifter distributions. The center of the ellipses (star) depicts the location of the center of mass of the drifter distribution. The orientation of the principal axes of the ellipses corresponds to the orientation of the prin cipal axes of the distributions. The axes of the ellipses are twice as long as the standard deviations in the major and minor axis (am• and am;) of the drifter distribution. Assuming that the positions of the drifters are normally distributed around the center of mass of the distribution, 86% of the drifters should be located within the ellipse. For each experiment the distribution of the drifters is shown every 6 h over 2 d. Temperature profiles were collected at the central station C the exact positon of which is slightly eastwards of the letter C at the blue ellipses describing the drifter distribu tion of experiment 1. The thermistor chain was deployed at station T and wind data were available from station M.
to the overall dispersion coefficient is quantified. The numerical model employed simulates the path of the individual drifters by combining a flow field reconstructed from the motion of the drifter ensembles with a random walk model describing the effects of turbulent diffusion.
First, we present the design of the experiments and the statistical methods employed to interpret the spread of the drifter ensembles with respect to horizontal dispersion. Then we explain the data based modeling employed to demonstrate the effect of horizontal shear diffusion on the drifter ensembles. Afterward, we show the results from the drifter experiments, the interpretation of these experiments using the shear-diffusion model, and discuss the length-scale dependence of the dispersion coefficients with respect to horizontal shear-dispersion and turbulent diffusion.
Methods

Experiments
In February and March 2009 four drifter experiments were conducted in the middle of the main basin of Lake Constance far from the boundaries (Fig. 1) . The drifters were manufactured at the University of Konstanz and consisted of a cylindrical sail made of plastic tubing with 1 m diameter and 2m height stabilized by metal rings at the top and the bottom of the sail. The sail was attached via a thin string to a small surface buoy ( ...... 20 em side length and 14 em height whereby about 7 em of the height was submerged) equipped with a GPS, a data logger for storage of the position and time, and a GSM-module for data transmission to the control unit in the office. Positions were measured and stored at S s time intervals. The precision of the positioning was ...... 1 m. In the four experiments, ensembles of 14, 17, 14, and 15 drifters, respectively, were deployed simultaneously. The center of the sail of each drifter was positioned at 3 m water depth. In each of the experiments the motion of the drifters was observed continuously over .....,3 to 4 d (experiment 1: 13 February 13:00 h to 16 February 11:00; experiment 2: 19 February 11:30 h to 23 February 06:00 h; experiment 3: 24 February 13:00 h to 27 February 10:30 h; and experiment 4: 2 March 00:00 h to 6 March 10:00 h ).
Temperature proftles measured at the central station in Upper Lake Constance (point C in Fig. 1 ) are available for the 2"d February and the 2nd March from the Institut fiir Seenforschung der Landesanstalt fiir Umwelt, Messungen und Naturschutz Baden-Wiirttemberg. During the experiments water temperature at the lake surface was ...... soc and stratification was very weak: on 02 February shortly before the first experiment and on 02 March at the start of the fourth experiment, the water temperatures at the lake surface (5.08C and 4.98C, respectively), were only $0.38C larger than the lowest temperatures within the top 30 m of the water column. The lowest temperatures in the water column (4.78C and 4.58C, respectively, at 250 m water depth) were also only slightly smaller than the temperatures at the surface.
At the central station in Lake € Uberlingen (northwestern sub-basin of Upper Lake Constance, point T in Fig. 1 ) water temperatures were recorded continuously in the upper 30 m of the water column between 18 and 24 February and down to 135 m water depth thereafter using a PME thermistor chain (accuracy 0.018C). Thermistor spacing was less than 1 m in the upper 5 m, 2 m down to 20 m, 5 m down to 50 m, and 10 m down to 135 m. Temperatures were measured at 1 min time intervals with an accuracy of 0.018C.
Wind data were available from the meteorological station in Konstanz operated by the German Weather Service. The station is located at 47840 0 39 00 N, 09811 0 24 00 E 47 m above the surface level of Lake Constance (point M in Fig. 1 ). In all experiments, wind speeds were below 5 m s 1 (Fig. 6a d) and average wind speeds ranged from 1.5 m s 1 and 2 m s 1 . The wind direction was predominantly west (Fig. 6a d) .
Statistical Analysis of Drifter Ensembles and Dispersion Coefficients
The spread of an ensemble of drifters located in a horizontal plane at a prescribed depth can be characterized by the change in several statistical properties of the distribution of the drifters. At each time, the coordinates of the center of mass, x c and y c , of the drifter distribution are determined from the coordinates x i and y i of the individual drifters belonging to the ensemble of n drifters:
The variances in x and y direction, r 2 x and r 2 y , respectively, and the covariance r xy of the drifter-distribution with respect to the location of the center of mass are given by:
The directions of the principal axes of the drifter distribution correspond to the directions of the axes of the coordinate system, in which the covariance becomes zero. The variances in the direction of the major and the minor principal axis, r 
In analogy to the definition of the horizontal cloud size of vertically integrated tracer distributions (Okubo 1971; Peeters et al. 1996) , the horizontal extension of a drifter ensemble is measured by cloud size r 2 :
A detailed discussion on cloud size in relation to the total variance of a tracer distribution is given in Peeters et al. (1996) . Based on cloud size a length scale of a tracer or drifter distribution can be defined (Okubo 1971) :
Size and orientation of the drifter distributions will be illustrated by ellipses. Each ellipse is centered at the center of mass of the corresponding drifter distribution and has principal axes of length 2r ma and 2r mi oriented parallel to the direction of the principal axes of the drifter distribution. If the drifters are normally distributed around the center of mass of the drifter distribution and if the number of drifters belonging to the ensemble is large, $86% of the drifters are located within the ellipse. The area of the ellipses is 4pr ma r mi. corresponding to 2pr 2 . The spreading of a drifter distribution can be characterized in analogy to the spreading of a distribution of dissolved substances by a dispersion coefficient measuring the rate of change of cloud size:
In the summary of dispersion experiments by Okubo (1971) and also in other studies an effective dispersion coefficient K eff has been estimated:
where t o is the time immediately after drifter deployment or tracer release. K eff corresponds to the temporal mean of K disp within the time interval t t o . In several studies it has been assumed that the initial cloud size at t o 0 is r 2 (t o ) 0 (e.g., Okubo 1971; Murthy 1976; Lawrence et al. 1995; Peeters et al. 1996) but in this study here we consider the cloud size of the distribution measured at t o . Compared with K disp , K eff has the advantage that it can be calculated even if the temporal spacing between measurements of r 2 is large, because it does not require a local derivative. Furthermore, K eff is not strongly affected by short-term fluctuations in cloud size that could occur when only a limited number of drifters are considered and the stochastic processes associated with turbulent mixing may cause a decline in cloud size at short temporal scales. In such cases K disp would become negative which is inconsistent with the concept to describe dispersion as a diffusion-type process. Horizontal dispersion typically depends on the length scale of the tracer distribution (Okubo 1971; Lawrence et al. 1995; Peeters et al. 1996) . According to the Fickian law (Fick 1855 ), the turbulence model of horizontal dispersion (e.g., Okubo 1971) , and the exchange velocity model of Joseph and Sendner (1958) , the dispersion coefficient K disp can be described by a power function of the length scale of the dispersing distribution:
with an exponent b of 0, 4/3, and 1, respectively. In case of shear diffusion a constant horizontal eddy diffusivity K h in combination with a time-constant velocity shear results in a dispersion coefficient that also increases with length scale (Carter and Okubo 1965; Peeters et al. 1996) . For long dispersion times the shear-diffusion model with temporal and spatial constant shear asymptotically approaches a linear length-scale dependence of K disp which can be described by Eq. 8 with b 1.
Assuming a power law relationship between length scale L and K disp , Eqs. 5, 6, and 8 provide a functional relationship between time elapsed since drifter deployment and cloud size.
Parameters a and b in Eq. 9 were estimated for each of the four drifter experiments using non-linear least squares fitting of the logarithm of the model results to the logarithm of the data. Fitting was performed with the Levenberg-Marquardt algorithm of the "fit" function in the curve fitting toolbox of MATLAB (version R2013b). The parameters obtained from the fitting were used to estimate K disp as function of length scale (Eq. 8) and to calculate a model based result for K eff (Eqs. 7 and 9).
An alternative measure of the extension of a drifter distribution is the area A hull enclosed by the convex hull around all drifters belonging to the drifter ensemble (e.g., Stocker and Imberger 2003) . The change in A hull with time could also be employed as a measure of dispersion. Cloud size and the area of the hull enclosing a large number of normally distributed drifters are about proportional whereby the scaling factor of proportionally depends on the number of drifters considered. As A hull is larger than r 2 , the temporal change of hull area is larger than the temporal change of cloud size and therefore cannot be directly compared with the temporal change of cloud sizes of tracer distributions.
In most of the earlier studies on horizontal dispersion (Okubo 1971; Murthy 1976; Lawrence et al. 1995; Peeters et al. 1996; Stephens et al. 2004) , the length-scale dependence of dispersion has been described by a power-law dependence of the effective horizontal dispersion coefficient K eff :
The corresponding dispersion coefficient K disp,Keff can be calculated from Eqs. 5 7 and Eq. 10:
If the initial cloud size is not zero, a power law lengthscale dependence of K eff does not lead to the power law length-scale dependence of K disp assumed in Eq. 8 and predicted by the models describing the length-scale dependence of dispersion. However, if the initial cloud size of the tracer distribution is zero Eq. 11 reduces to K disp,Keff 2/(2 b eff ) Á K eff,mod . In this case K disp is larger than K eff by the factor 2/ (2 b eff ) but has the same exponent of the length-scale dependence as K eff,mod .
Simulation of Drifter Motions and Construction of a Data-Based Velocity Field
The dispersion coefficients determined from the statistical properties of drifter ensembles allow the estimation of the typical spreading rate of distributions of particles or dissolved substances. The estimated K disp , however, include the combined effect of the large-scale horizontal flow field and the turbulent component of the flow field. The contribution of horizontal shear dispersion to the overall dispersion was distinguished from the sole effects of horizontal eddy diffusion by performing numerical simulations of the temporal development of the drifter distributions.
Displacements of the drifters by advective motions due to the large-scale flow field were simulated using an explicit Runge-Kutta algorithm at 1 min time steps. The large-scale flow field was linearly interpolated in time. Additionally, displacements of the drifters due to random motions caused by the horizontal component of the turbulent part of the flow field were considered. Horizontal turbulence was assumed to be isotropic and was characterized by a horizontal eddy diffusivity K h . Displacements due to the horizontal turbulence were simulated in analogy to Brownian movements as a Wiener process (M€ orters and Peres 2010) with a normally distributed random step size in x direction and an independent normally distributed random step size in y direction. The normal distribution from which the step sizes were randomly drawn in the Wiener process had a variance r 2 W 2ÁK h Dt where Dt is the time step, here chosen to be 1 min. At each one minute time step the displacement due to the horizontal turbulent diffusion was added to the displacement by the advective motion due to the large-scale flow field. If velocities of the large-scale flow field are zero and a large number of drifters are introduced at the same location the algorithm provides two-dimensional radially symmetric drifter distributions of Gaussian form with a variance that spreads linear with time according to r 2 4 K h t. The simulation of drifter movements requires a large-scale flow field and a horizontal diffusivity. The latter was prescribed and the former was constructed from the movements of the drifters of the drifter ensemble. The large-scale flow field is assumed to have a spatially constant current shear which is a first-order approximation of the spatial structure of the large-scale flow field. The same assumption has been used in the models on horizontal shear-diffusion in lakes and oceans by e.g., Carter and Okubo (1965) and Kullenberg (1972) , and in studies explaining the horizontal dispersion of tracer distributions by shear diffusion (e.g., Peeters et al. 1996) . The conclusion that a linear dependence of K disp on L after long diffusion times is indicative of shear-diffusion (e.g., Lawrence et al. 1995 ) is based on the results from the model by Carter and Okubo (1965) that assumes a spatially constant current shear.
For the construction of the flow field the time series of drifter coordinates measured at 5 s time resolution were lowpass filtered (low pass Butterworth filter with a cutoff frequency of 5 min) to remove high frequency fluctuations resulting from the noise in the GPS measurements. From the filtered data, velocities of all drifters were determined for one minute time intervals. This procedure provided simultaneous velocity measurements with a temporal resolution of 1 min at the positions of all deployed drifters, i.e., simultaneous velocity measurements at 14 to 17 positions depending on the experiment. Assuming that the large-scale velocity field with the components u in x and v in y direction can be described as a superposition of a mean velocity characterized by u m and v m and a linear current shear across the entire distribution, one gets at each time step the velocity at the position of each drifter:
whereby a u,y and a v,x describe the current shear du/dy and dv/dx, respectively. For each of the four experiments, time series of the mean velocities u m , v m were obtained by averaging the measured drifter velocity components of the drifters in the ensemble. The time series of the current shear a u,y und a v,x were determined by linear regression of the components of the observed velocities vs. the position of the drifters within the ensemble. In the numerical experiments, the time series of u m , v m , a u,y and a v,x were employed to determine the velocity of the individual drifter due to the large-scale flow field at their simulated positions using Eq. 12. Note that in these simulations the coordinates x c and y c were determined from the distribution of the simulated drifters. As initial condition, the numerical drifters were placed at the observed locations of the corresponding drifters in the field experiment. In most of the simulations 1000 drifters were placed instead of one at each initial location.
The effect of shear diffusion for the overall dispersion of the drifter ensembles was assessed by complementing the drifter displacements due to the large-scale flow field with drifter displacements due to turbulent motions assuming different time constant eddy diffusivities K h,const . The temporal development of the statistical properties of the simulated drifter ensembles was evaluated in the same manner as those of the measured drifter ensembles. Finally, numerical experiments were performed simulating shear diffusion under the assumption that the horizontal eddy diffusivity depends on the length scale of the dispersing distribution. At each one minute time step L sim (t) of the simulated drifter distribution was evaluated and K h,scale for the next time step was determined from:
For each experiment the best fit values for K h,const and for c and d, respectively, were obtained by least squares fitting using a grid search technique. The resolution of the grid was adjusted to the magnitude of the parameters: In case of K h,const we used a grid step of 0.001 m 2 s 1 in experiment 4 and 0.01 m 2 s 1 in all other experiments. In case of K h,scale we used grid steps of 0.01 for the exponent d in all experiments and for the factor c 10% of the value finally obtained. The effective diffusivities for the shear-diffusion models, K eff,Khconst and K eff,Khscale , were determined from the simulated time series of cloud size using Eq. 7. The length-scale dependent dispersion coefficient K disp for the shear diffusion models K disp,Khconst and K disp,Khscale , respectively, was determined using a similar procedure as for the data: Non-linear least squares fitting using the LevenbergMarquardt algorithm was employed to minimize the difference between the logarithm of the cloud sizes determined with the model from Eq. 9 and those simulated with one of the numerical shear-diffusion models. Note that for these fitting results R 2 was calculated by comparing the cloud sizes as function of time obtained from Eq. 9 with the measured cloud sizes. Abbreviations for horizontal dispersion coefficients, horizontal effective dispersion coefficients and horizontal eddy diffusivities are summarized in Table 1 .
The numerical model was tested considering a lengthscale dependent horizontal eddy diffusivity K h,scale and zero velocity shear. The agreement between simulated cloud size as function of time and cloud size determined from Eq. 9 Dispersion coeffkient determined from cloud sizes simu lated with the shear diffusion model using Kh,scale Effective dispersion coefficient determined from cloud sizes simulated with the shear diffusion model using Kh,scaie with the parameters a c and b d confirmed the validity of the model describing particle dispersion for a length-scale dependent horizontal eddy diffusivity Kh,scaJe·
Results
Temporal Development of the Observed Drifter Distributions and Statistical Analysis
An overview of the horizontal spread of the drifters and their position within Lake Constance during the four experiments is provided in Fig. 1 . The distributions of the drifters are depicted as ellipses indicating the position and the horizontal extension of the drifter distribution. In all experiments, the drifters were located at a far distance to the lake shores. The temporal evolution of the drifter distribution is illustrated in detail using the first experiment as an example (Fig. 2) . The center of the ellipses, which corresponds to the center of mass of the drifter ensemble, traveled more than 1 km within a day (Fig. 2) . At the same time the drifters spread horizontally relative to the center of mass of the drifter ensemble, which is indicated by the increase in the area of the ellipses. At each time most of the drifters are located within the region enclosed by the ellipses (Fig. 2 , black and grey dots). The drifter distributions are typically not radially symmetric but elongated. The orientation of the principal axes of the ellipses indicating the orientation of the principal axes of the drifter distributions changed with time. This suggests that shear currents affect the temporal change of the size and shape of the drifter distributions.
1n all experiments the cloud size increases with time (Fig.  3) . Also, the variances in the direction of the major and minor principal axes of the drifter distributions increase with time whereby the rate of increase is similar in the two directions and similar to that of the cloud size (Fig. 3) . The standard deviation in the direction of the major principal axis CTma is on average ...... 3 times larger than the standard deviation in the direction of the minor prindpal axis umi (Fig. 3) , indicating that the distributions are elongated and not radially symmetric. The area enclosed by the hull around the drifters is on average 3.5 times larger than the cloud size (Fig. 3) . This factor is dose to that expected for the relationship between hull area and variance of 14 17 normally distributed variables.
The effective dispersion coefficients determined from the temporal change of cloud size in the different experiments range between 0.001 and 2 m 2 s 1 and increase with the length scale of the drifter distribution (Fig. 4a, open circles) . At length scales up to 500 m K eff is not larger than $0.1 m 2 s 1 . However, because K eff represents the average dispersion coefficient from the start of the experiment to the time of observation and because cloud size increases with time, K eff is smaller than the dispersion coefficient K disp at a given length scale. The parameters required to calculate K disp as function of length scale (Eq. 8) were determined by fitting Eq. 9 to cloud size as function of time (Table 2) . A comparison of the measured cloud size as function of time with the result of the best-fit model is depicted in Fig. 5e h. K disp obtained with the best-fit parameters (Table 2 ; Fig. 4c , dashed lines) is substantially larger than K eff determined from the data ( Fig.  4a ; symbols) and ranges from $0.01 to $0.03 m 2 s 1 at 100 m and from $0.1 to $0.7 m 2 s 1 at 1000 m length scale.
However, K disp does not exceed 0.1 m 2 s 1 up to length scales of $300 m and only reaches 1 m 2 s 1 at length scales above 1 km (Fig. 4c, dashed lines) . The increase of K disp with length scale is close to linear in experiments 1, 3, and 4 (exponent b is 1.10, 1.09, and 1.01, respectively). Only in the second experiment the exponent is substantially larger than 1 (Table 2) . K eff determined from cloud size as function of time obtained from the fit parameters using Eq. 9 (Fig. 4a, dashed lines) describe well the length-scale dependence of K eff determined from the data (Fig. 4a, open circles) .
Properties of the Flow Field Determined from the Temporal Change in Drifter Positions
The characteristic properties of the large-scale flow field estimated from the motions of the drifters of the drifter ensemble in each of the four experiments (Eq. 12) are depicted in Fig. 6 . The magnitude of the eastward and northward component of the mean current velocity, u m and v m , respectively, was typically below 5 cm s 1 , but increased occasionally up to almost 10 cm s 1 (Fig. 6e h) . Towards the end of experiment 3, but especially during experiment 4, the mean velocity of the drifter distribution suggests a periodic clockwise rotating velocity field (Fig. 6h) . The period of the north and of the east component of the current velocity in experiment 4 was $15 h and a cross-correlation analysis suggests a phase shift of 4.4 h between the northward and the eastward component of the velocity. In each of the four experiments, the magnitude of the current shear determined from the drifter velocities was largest at the beginning of the experiments and decreased with time ( Fig. 6i l) . Two days after drifter release the largest magnitudes of the current shear were observed in experiment 4, in which the direction of the current shear a u,y changed regularly (Fig. 6l) .
During all experiments the wind field was dominated by westerly winds with wind speeds between 1 and 5 m s 1 (Fig. 6a d) . The wind field does not show periodic fluctuations that would correspond to the periodic changes in the mean drifter velocities.
Simulation Results from the Application of the ShearDiffusion Model
The developments of the drifter distributions in the four experiments were simulated using the mean velocity and the current shear of the large-scale flow field determined from the observed velocity of the drifters (eq. 12 and Fig. 6 ) and different prescribed constant horizontal eddy diffusivities K h,const (Fig. 7) . In all cases, the simulated motion of the center of mass agrees very well with the observed motion of the center of mass (Fig. 7 , red stars cover black stars). In the case of a horizontal eddy diffusivity of zero, the horizontal extent of the simulated drifter distributions does not increase but remains at the initial size of the drifter distribution (Fig. 7a d) Fig. 1 (Table 3A) are depicted as dashed blue lines. The shaded area indicates the region between the 2.5 and 97.5 percentile of all cloud sizes obtained from 1000 independent simulations using the best fit Kh,const in which only one drifter was released at each initial location. (e h) Results for the four experiments from the shear diffusion model with scale dependent Kh, Kh,scale, using the best fit Kh, sca le (Table 38 ) (solid blue line) and from the fitting function Eq. 9 (solid green line). Table 2 . Results of the non-linear least squares fitting minimizing the difference between the logarithm of modelled (Eq. 9) and the logarithm of measured cloud sizes as function of time. changes over time (Fig. 7) . In experiments 1, 3, and 4 the shape and orirntation of the simulated drifter distributions is rather similar to the shape and orirntation of the measured drifter distributions (Fig. 7m,o,h ). The implications of the value of the assumed eddy diffusivity for the spread of cloud size are illustrated in more detail in (Table 3) . Cloud size as function of time in each experiment simulated with these best-fit values for K h,const are depicted in Fig. Sa d (dashed, blue line) .
All simulations mentioned so far were conducted by placing 1000 numerical drifters initially at the initial location of each experimental drifter in the respective experiments. The simulations are therefore based on 14,000 17,000 numerical drifters whereas in the experimrnts only 14 17 experimental drifters were deployed. To assess the variation in cloud size resulting from the limited number of experimrntal drifters, we performed simulations in which only one drifter was placed at the initial location of each experimrntal drifter. These numerical experimrnts used the best-fit values for K h ,const and were repeated 1000 times. At each instance of time the 2.5 and 97.5 percentile of all cloud sizes from the 1000 numerical experiments were calculated providing the range within which 95% of the cloud sizes predicted by the 1000 numerical experiments with only 14 17 drifters fall (Fig. 5a d, shaded area) . This range corresponds to a change in K h by about a factor of two.
The cloud sizes simulated with the best-fit values for K h,const (Fig. 5a d; dashed, blue line) using 1000 drifters placed at each position of the experimental drifters were employed to determine K eff,Khconst from Eq. 7 and K disp,Khconst by fitting Eq. 9 to the simulated cloud sizes and using Eq. 8 ( Fig. 4b,c; dotted lines) . Although K h is constant in these simulations (Fig. 4d, dotted lines) K disp,Khconst and K eff,Khconst increase with length scale in experiment 1, 2, and 4 because of the interaction between the current shear and the turbulent mixing characterized by K h . However, the exponent of the length-scale dependence of K disp,Khconst is substantially smaller than 1 (0.3 to 0.5 in experiments 1, 2, and 4, and 0 in experiment 3; Table 3 ) and therefore much smaller than the exponent of the length-scale dependence of K disp obtained from direct fitting of Eq. 9 to the observed cloud sizes as function of time (Fig. 4c, dashed and dotted lines) . Also, the length-scale dependence of K eff,Khconst is underestimated by the results from the shear-diffusion model with constant K h (Fig. 4b, open circles and dotted lines) .
A better representation of the scale dependence of K disp and K eff can be achieved if K h depends on length scale. Assuming that K h,scale c L d and minimizing the deviation between the logarithm of the simulated and the logarithm of the measured cloud sizes by adjusting the parameters c and d provide the solid, blue lines in Fig. 5e h as best fit result for the simulated cloud size as function of time (parameter values in Table 3 ). These simulated cloud sizes closely agree with the best fit of Eq. 8 to the data (Fig. 5e h; solid, green line). Therefore, K disp and K eff derived from the measured cloud size as function of time and K disp,Khscale and K eff,Khscale obtained from the cloud sizes simulated with the model using K h,scale agree very well (dashed lines in Fig. 4a , solid lines in Fig. 4b , and solid and dashed lines in Fig. 4c ). With a length-scale dependent eddy diffusivity K h,scale , the model apparently captures the lengthscale dependence of K disp well. At length scales between 100 and 1000 m the ratio 1 km
Comparison of the measured drifter distributions (black) with simulations of the drifter distributions using the shear diffusion model with con stant Kt, (red). The center of mass of the drifter distributions is depicted as symbol. The motion of the drifter ensembles is illustrated by the blue line con necting the center of mass of the measured distributions. Each column of panels presents the results for one of the four experiments. Each row of panels presents the results from the shear diffusion model with the value Kt, given in the first panel of the respective row. For each experiment the distribution ofthe drifters is shown every 6 h over 48 h. Details on the properties of the ellipses are given in the method section and the caption of Fig. 1 .
eddy diffusivity typically accounts for more than 60% of the total dispersion coefficient and that the effects due to the horizontal shear of the large-scale flow field contribute less than 40% to the total dispersion coefficient. The development of the shape of the measured drifter distributions and of those predicted by the model assuming a constant eddy diffusivity (Fig. 8a d) are very similar to the development of the distributions predicted by the model assuming the scale dependent eddy diffusivity K h,scale (Fig. 8i l) . The simple data-based dispersion model that does not take into account current shear agrees well with the increase of cloud size with time (Fig. 5e h) but does not describe the elongated shape and orientation of the drifter distributions (Fig. 8m p) . In simulations with one numerical drifter initially placed at the location of each experimental drifter, shape and the center of mass of the simulated drifter The numerical model simulates the path of drifters based on the velocity field (eq. 12) and (A) a constant eddy diffusivity K h,const and (B) a length scale dependent eddy diffusivity K h,scale . The optimization parameter is K h,const in (A) and c and d
. For both models also the length scale dependence of K disp was determined by a similar procedure as in Table 2 . Non linear least squares fitting using the Levenberg Marquardt algorithm was employed to minimize the difference between the logarithm of the cloud sizes determined with model Eq. 9 and those simulated with one of the numerical models. Note that for these fitting results the values of the root mean square deviation (rms) and R 2 are calculated by comparing the logarithm of the final model results for the cloud sizes as function of time using Eq. 9 with the logarithm of the corresponding observed cloud sizes. (Table 3A) (Table 38) and 1000 model drifters placed initially at each initial position of the experimental drifters. (m p): Results from a simulation using a pure dispersion model assuming Kc!1sp aLb (Eq. 6). Values for a and b were obtained from fitting Eq. 9 to the data (Table 2) . Results for the same experiments are depicted in the same column of panels. Drifter distributions are shown every 6 h over the first 48 h of the experiments. Details on the properties of the ellipses are given in the method section and the caption of Fig. 1 .
distributions slightly deviate from the predictions of simulations with 1000 drifters placed at each initial location (Fig. Sa d) .
Discussion
Comparison I<'msp (e.g., Okubo 1971; Peeters et al. 1996; Lawrence et al. 1995) . However, K et b describing the average dispersion coefficient between an initial time and time t, is affected by the size of the tracer or drifter distribution at the initial time and represents the average dispersion coeffident for length scales between that of the initial and the fmal distribution at time t. In contrast, l<rusp, is independent of the initial size of the distribution and provides the dispersion coefficient at a specific time and thus also at a specific length scale of the distribution. We therefore base our comparison of horizontal dispersion coefficients on K disp rather than on K eff . According to the tracer observations by Lawrence et al. (1995) . Similar values for the dispersion coefficients are obtained when using the relationship provided by Lawrence et al. (1995) for the combined data set from the small Twin Lake, Lake Ontario (Murthy 1976 ) and the Ocean (Okubo et al. 1971) . These dispersion coefficients are somewhat larger but of similar order than the K disp in our study (K disp $0.02 m 2 s 1 at L 100 m and K disp $0.4 m 2 s 1 at L 1000 m). Note that in the tracer experiments of Okubo et al. (1971) , Murthy (1976) , and Lawrence et al. (1995) vertical shear diffusion may have contributed to the dispersion of their tracer clouds, whereas in our drifter experiments vertical shear has no effect on the horizontal spreading of the drifter distributions. Dispersion coefficients published by Stocker and Imberger (2003) and Stephens et al. (2004) exceed our dispersion coefficients by much more than an order of magnitude. In both studies the dispersion experiments were heavily influenced by the large-scale flow field due to internal waves (Stocker and Imberger 2003; Stephens et al. 2004) . Horizontal spreading of tracer distributions or of drifter ensembles positioned in a horizontal plane can result from horizontal turbulent mixing, the interplay of turbulent mixing with the large-scale flow field and from divergence and convergence of the large-scale flow field in the horizontal dimension. The former two processes may cause nonreversible diffusive type transport which can be characterized by a dispersion coefficient, whereas the latter process may be reversible and then does not contribute to mixing and should not be incorporated into the dispersion coefficient. In lakes the most prominent process causing divergence and convergence of the horizontal flow field is large-scale upand dowelling associated with basin-scale internal seiches. The flow field of seiches can cause a reversible periodic increase and decrease of the horizontal variance of distributions of drifters deployed at the same depth (Peeters et al. 2012) . Note further that dampening of seiche motions by boundary mixing affects convergence and divergence of the horizontal component of the flow field also in the center of the lake and may contribute to the temporal change of the horizontal variance of drifter or tracer distributions. Thus, if the spreading of drifter or tracer distributions is affected by internal waves the interpretation of field data with the aim to determine dispersion coefficients describing the non-reversible spreading of dissolved substances or drifter ensembles becomes difficult.
In the experiment of Stocker and Imberger (2003) , as an estimate of the dispersion coefficient describing the effect of the flow field for horizontal mixing. Thereby, they implicitly assume that the dispersion coefficient is constant in time and thus also independent of the length scale of the drifter distributions. However, as their dispersion coefficient is more than an order of magnitude larger than the dispersion coefficients measured at length scales of 1000 m by us or in earlier tracer experiments (Okubo, 1971; Murthy, 1976) , the large value of K disp 15 m 2 s 1 provided by Stocker and Imberger (2003) may only apply to length scales of several kilometers. The velocity shear in the experiment of Stocker and Imberger (2003) was on the same order as in our experiment Exp. 4, in which K disp was only $0.1 m 2 s 1 at a length scale of 1 km. Stephens et al. (2004) observing the spread of tracer distribution during intense internal seiching over time periods much shorter than the period of the internal seiche determined dispersion coefficients that varied substantially between days and were in some cases lower and in others substantially larger than those suggested by our measurements. The exceptionally large dispersion coefficients may be the result of the combination of turbulent mixing with shear and straining due to the flow field associated with internal wave motion. However, the spreading may also have been affected by reversible divergence of the mean flow field. Furthermore, reliable experimental determination of tracer distributions in strong currents is difficult because the survey of the distribution has to be substantially faster than the change of the distribution due to the currents.
In order to minimize reversible spreading due to divergence and convergence of the large-scale flow field, our experiments were conducted during a time period of very weak stratification when the development of a basin-scale fundamental mode seiche is rather unlikely. In our thermistor data we did not observe indications of a fundamental mode seiche. In summer, when stratification is strong the period of the fundamental mode is 3 to 4 days (B€ auerle et al. 1998 ) and the seiche period is typically larger at weak stratification. Because of these large periods, the fundamental mode seiche in Lake Constance is strongly affected by the Coriolis force and is a Kelvin type wave that has an amphidromic point in the center of the lake (B€ auerle et al. 1998) close to the location where the drifter experiments were conducted. Hence, vertical displacements and thus horizontal divergence of the flow field due to a fundamental mode seiche are unlikely in the vicinity of the amphidromic point, where the experiments were conducted, and for the weak stratification during our experiments.
However, the motion of the center of the drifter distributions suggests that, especially towards the end of the third and during the fourth experiment, the position of the drifter distributions was affected by internal wave motions. The phase between the east and the north component and the period of the mean current derived from the drifters indicate a clockwise rotating current with a period of about 15 h. Such a current field is typically associated with Poincare waves. During the stratified season Poincare waves are a common feature in the center of Lake Constance as is suggested by results from numerical modelling (Appt et al. 2004 ) and has been confirmed by current meter data (Peeters, unpublished) . In a recent study in Lake Michigan it was demonstrated that Poincare waves can develop not only during strong stratification but also under very weak stratification (Choi et al. 2012) . The motion of the drifter ensembles observed here suggests that Poincare waves develop under very weak stratification also in Lake Constance. However, vertical displacements of Poincare waves are smallest in the center of a lake and the large-scale flow field is not associated with substantial divergence in the horizontal plane (Choi et al. 2012) .
These arguments support the assumption that vertical water displacements due to internal waves are small during our experiments conducted at weak stratification in the center of Lake Constance near the amphidromic point of the basin-scale Kelvin wave. Therefore, the divergence of the large-scale flow field in the horizontal plane is expected to be small supporting the assumption that the horizontal dispersion of the drifter distributions results from horizontal turbulent motions and from shear diffusion. Hence, the dispersion coefficients obtained from the drifter experiments in the study here can be considered to characterize the nonreversible contribution to the horizontal spreading of the drifter distributions.
Length-Scale Dependence of K disp : Shear Diffusion and Turbulent Mixing
Shear diffusion results from the interplay of the turbulent part of the flow field with the current shear of the large-scale flow field. However, velocity shear alone without a mixing component (molecular or turbulent diffusion) does not lead to an increase in the cloud size of tracer or drifter distributions (e.g., Peeters et al. 2012) . Consistent with this conclusion, the cloud sizes of the drifter distributions simulated with the shear-diffusion model do not increase with time if K h,const 0 (Fig. 7a d) but only if the eddy diffusivity is larger than zero.
A constant shear across a tracer or drifter distribution and turbulent mixing in cross-current direction leads to a more rapid temporal growth of the variance in the direction of the major principal axis than in the direction of the minor principal axis causing a deformation of the shape of the tracer distribution (Carter and Okubo 1965; Peeters et al. 1996) . Assuming a point-like initial distribution with vanishing variance, a spatially and temporally constant current shear and turbulent diffusion in cross-current direction, r ma 2 and r mi 2 increase as r ma 2 $t 3 and r mi 2 $t for long dispersion times (Peeters et al. 1996) . In this case, cloud size approaches a quadratic increase with time and the dispersion coefficient eventually increases linearly with length scale (Peeters et al. 1996) . However, although in most of our experiments K disp increases about linearly with L, the variance in the direction of the major and the minor principal axis do not show substantially different rates of increase with time ( Fig. 3) which would be expected if shear-diffusion with constant shear applies. But even when considering not a constant shear but the temporally varying shear determined from the drifter motions (Fig. 6 ), the effect of horizontal shear diffusion on overall dispersion is not sufficient to explain the observed length-scale dependence of K disp (Fig. 4b,c) . Lawrence et al. (1995) , who observed in their tracer experiments an exponent of b eff 1.1 for the length-scale dependence of K eff (eq. 11), suggested that vertical shear diffusion may be responsible for the increase of K eff with increasing length scale. Vertical shear diffusion was also held responsible for the increase in tracer cloud size with length scale in the thermocline of several lakes (Peeters et al. 1996) . In the latter study, not only the increase of cloud size but also of r ma 2 and r mi 2 with time was consistent with a sheardiffusion model assuming constant shear. However, as the drifters in the study here were all deployed at the same depth, horizontal dispersion of the drifter ensembles cannot be affected by vertical shear diffusion. The numerical experiments suggest that the length-scale dependence of K disp is dominated by the scale dependence of the eddy diffusivity and that horizontal shear diffusion additionally contributes to spreading and is responsible for the deformation of the drifter distribution (Fig. 8) . Okubo (1971) suggested that the length-scale dependence of the horizontal dispersion coefficient results from the spectrum of eddy sizes assuming that large eddies cause advection and only small eddies contribute to spreading of the tracer distributions such that with increasing cloud size a larger number of eddies contribute to dispersion. In our experiments the horizontal eddy diffusivity increased with length scale, which may be explained by the size-spectrum of eddies in the horizontal part of the turbulence spectrum. In most of our experiments, K h,scale increases about linear with length scale, which is somewhat slower than the 4/3 power law dependence expected if the distribution of the sizes of eddies fall within the inertial subrange of the turbulence spectrum (Batchelor 1950; Monin and Ozmidov 1985) .
Summarizing, drifter experiments with ensembles of drifters conducted in the surface water of Lake Constance during essentially unstratified conditions indicate that the horizontal dispersion coefficient increases with the horizontal length scale of the drifter distribution. Numerical simulations based on the drifter experiments suggest that shear diffusion is not sufficient to explain the length-scale dependence of the horizontal dispersion coefficient and that eddy diffusivity increases with length scale at scales between 100 and 1000 m covered by the field measurements. According to numerical experiments simulating the paths of drifters, $14 to 17 drifters deployed in dispersion experiments are sufficient to provide estimates of dispersion coefficients that are reliable within a factor of two (Fig. 5a d) . The horizontal dispersion coefficient K disp obtained from the drifter experiments describes nonreversible horizontal spreading due to horizontal turbulent diffusion and horizontal current shear but does not include effects of vertical shear diffusion. 
